Titanium nitrides have good mechanical, tribological, electrical, biomedical, and optical properties; therefore, they are used to harden and protect cutting and sliding surfaces, as semiconductor devices, and as a nontoxic exterior for biomedical applications. The dependence of the mechanical and electrical properties of titanium nitride thin films deposited on silicon substrates by direct-current reactive magnetron sputtering technique on argon gas flow (in the range of 8 to 20 sccm) was investigated. The crystallographic structure of the films was studied by X-ray diffraction (XRD), while surface morphology was studied using atomic force microscopy (AFM). Mechanical and electrical properties of these films were investigated by nanoindentation test and a four-point probe instrument, respectively. The XRD patterns showed titanium nitride (TiN) formation with a face-centered cubic structure for all samples. It was also observed that (111) crystallographic direction was the preferred orientation for TiN thin films which became more pronounced with increasing argon gas flow. The AFM images showed a granular structure for TiN layers. The hardness, crystallite/grain size (obtained from XRD and AFM), and surface roughness increased with the flow of argon gas, while elastic modulus and dislocation density in the films decreased. The study on electrical properties showed that the dependence of voltage with current for all samples was linear, and film resistivity was increased with argon gas flow.
Introduction
Because of their desirable mechanical, chemical, and electrical properties, such as high hardness, good corrosion, wear resistance, chemical and metallurgical stability, and low electrical resistivity, titanium nitride thin films have been widely used in different areas of semiconductor device technology, such as diffusion barriers, gate electrodes in field-effect transistors, contact layers in solar cells, and a replacement of polycrystalline Si in very large-scale integrated circuits [1] [2] [3] [4] . For the development of new materials in microelectronic applications, in addition to their electrical properties, their mechanical characteristics may play an important role on long-term reliability problems. In fact, new advanced metallization materials should combine good electrical properties, comparable to those currently used, with high hardness and elasticity, fine adhesion on Si, and low interface stresses [1] .
Among the different methods of titanium nitride thin film preparation including physical vapor deposition, plasma focus, chemical vapor deposition, electrochemical and chemical nitridation, sputtering, and ion implantation [1, [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] , direct-current (DC) magnetron sputtering is a simple and suitable method. However, the nanostructure and different properties of titanium nitride thin films in this method are strongly dependent on sputtering conditions such as bias voltage, substrate temperature, argon gas flow, and nitrogen content. The aim of this work is to investigate the influence of argon gas flow on the crystallographic structure, surface morphology, and both the mechanical and electrical properties of sputtered titanium nitride thin films. The results of this study can be of importance and used in different applications as mentioned throughout this section.
Experimental details

Film preparation
Titanium nitride thin films of 100 nm thick were deposited with a DC reactive magnetron sputtering system using a circular 76-mm-diameter and 1-mm-thick Ti target of 99.998% purity. The target-to-substrate distance was 10 cm. A continually variable DC power supply of 700 V and 0.3 A was used as power source for sputtering. The thickness and deposition rate of these titanium nitride films were checked in situ using a quartz crystal monitor (6-MHz gold, Inficon Company, East Syracuse, NY, USA) located near the substrate during the sputtering process. The substrates were 20 × 20 mm 2 Si (400) (n-type) and were ultrasonically cleaned in heated acetone then etalon. The substrate temperature was 373 K. The base pressure was lower than 2 × 10 −6 Torr. Pure argon gas (99.998% purity) and nitrogen gas (99.998% purity) were used as sputter and reactive gases, respectively. Titanium nitride thin films were deposited under various argon gas flows. The flow rates of both argon and nitrogen gases were controlled individually using mass flow controllers. The argon gas flow rate was varied at 8, 12, 16, and 20 sccm during sputtering, while the nitrogen gas flow rate was kept constant at 10 sccm. Figure 1 depicts the variations of deposition pressure and rate as a function of argon gas flow. This figure shows that deposition pressure and deposition rate increase with argon gas flow.
Film characterization
The nanostructure and crystallographic orientation of the samples were obtained using a Philips X'pert MPD diffractometer (CuKα radiation; Amsterdam, The Netherlands) with a step size of 0.02°and count time of 1 s per step. The surface morphology and roughness of the samples were obtained using an atomic force microscope (AFM; Autoprobe PC, Park Scientific Instrument, Sunnyvale, CA, USA) with a scan size of 1 × 1 μm 2 and a scan rate of 1 Hz. A Hysitron Inc. (Eden Prairie, MN, USA) TriboScope® Nanomechanical Test Instrument with a 2D transducer, complete software, and Berkovich diamond indenter was used for mechanical test. Over three indentation tests were performed on each of the samples, and the average of the data obtained from these tests is presented for each sample. In this test, force, loading time, holding time, and unloading time were 600 μN, 30 s, 10 s, and 30 s, respectively. The electrical resistivity of the samples was also measured using a four-point probe instrument at room temperature.
Result and discussions
Crystallographic structure X-ray diffraction (XRD) patterns of all TiN/Si thin film samples prepared in this work are shown in Figure 2 . The XRD pattern of the deposited film with 8-sccm argon gas flow in addition to the substrate peak (at 69.15°that is not presented in the figure) shows two weak peaks at 35.33°a nd 41.01°that can be related to the (111) and (200) crystallographic orientations of TiN with a face-centered cubic (FCC) structure, respectively (with reference to JCPDS card no. 02-1159; 2θ = 35.317°and 41.00°, respectively). Titanium nitride with closed-packed FCC structure may form when nitrogen atoms occupy all the octahedral sites of titanium with hexagonal close-packed (HCP) or bodycentered cubic (BCC) structures. In order to accommodate nitrogen atoms with small size (0.74 Å) in the interstitial sites of Ti with larger size (1.47 Å), the titanium structure should be transformed from HCP (at lower temperatures) and BCC (at higher temperatures) to FCC structure. By increasing the argon gas flow to 12 sccm, TiN(111) peak intensity is increased, while TiN(200) intensity is decreased. In the deposited films with a higher value of argon gas flow (i.e., 16 and 20 sccm), this process is repeated so that the TiN(111) diffraction line can be introduced as a preferred orientation. In fact, the result shows that an increase in argon gas flow causes the growth of TiN thin films in (111) crystallographic orientation.
It is known that TiN films deposited by various PVD methods generally grow in three crystallographical orientations (i.e., (200), (111), and (220)) [18] . The preferred orientation of a film is due to its lowest overall energy, which is a result of competition between the surface energy, the strain energy, and the stopping energy of different lattice planes [19, 20] . In the case of TiN films, the (200) plane has the lowest surface energy, the (111) plane has the lowest strain energy, and the (220) plane has the lowest stopping energy. Only when the deposited ion energy is sufficiently high, the stopping energy becomes dominant, and the (220) preferred orientation can be observed [18] . In this work, due to the low deposition power and low substrate temperature, the (220) peak is not observed. Hence, one may propose that only surface energy and strain energy have affected the film growth process.
The absence of a titanium peak in the XRD pattern (different from previous similar literature [18] ) indicates the absence of Ti in the structure of these films and complete nitride formation process, which can be related to the high value of nitrogen gas flow rate in the deposition process (10 sccm). Figure 3 . The results show that the crystallite size gradually increases with increasing argon gas flow. This increase can be attributed to the fact that the increase in the argon gas flow enhances the energetic ion bombardment which promotes the mobility of adatoms and results in the increase of grain size. When the argon gas flow increases further, the ion density becomes large enough for crystal growth; thus, the grain size increases slightly. A similar kind of this behavior of change in grain size with the argon gas flow is also observed in previous literatures [18, 22] .
Surface morphology
Two-dimensional (2D) and three-dimensional (3D) AFM images of TiN thin films prepared at different argon gas flows are shown in Figure 4 , while variations of grain sizes (obtained from 2D pictures by JMicroVision code) and surface roughness as a function of argon gas flow are plotted in Figure 5 . These images show a granular structure with small and sharp grains for deposited samples at low argon gas flows (i.e., 8 and 12 sccm), while at higher values of argon gas flow (i.e., 16 and 20 sccm), both grain size and surface roughness are increased. As mentioned, an increase in the argon gas flow increases the grain size which in turn increases the surface roughness. Figure 6 illustrates the variation of hardness of all TiN/ Si thin films as a function of the argon gas flow. As can be seen, an increase in the argon gas flow causes the increase of this quantity. This change can be explained in the following paragraph.
Mechanical properties
The hardness and mechanical properties of films can be affected by different parameters such as grain size, crystallographic orientations, film density, lattice parameters, and stoichiometry [1, 10, 12, 23] . Despite the fact that variation of grain size with the argon gas flow is not large (remarkable), the increase of hardness can be attributed to (1) film growth in (111) crystallographic orientation, (2) the increase of density or elimination of voids, (3) and improvement of crystal quality with increasing argon gas flow. XRD results showed that the intensity of the TiN(111) diffraction line increased with the argon gas flow. TiN x is an anisotropic material with H111 > H200 or H220 (where H111, H200, and H220 are the hardness along the (111), (200), and (220) crystallographic directions, respectively). On the other hand, TiN films with (111) preferred orientation possess the highest hardness [10, 12] . Figure 3 also depicts the variation of dislocation density, which represents the amount of defects and pores in the film. The dislocation density (δ) is determined from the formula δ = 1/D 2 [24] , where D is the crystallite size and is calculated using Scherrer's formula. The results show that films with better crystallization quality can be obtained at higher argon gas flows, which result in decreased number of pores (or increased film density) in the structure of the film which in turn increases the hardness of the film. Figure 6 also plots the variation of elastic modulus (EM) as a function of argon gas flow. The figure shows that the increase of argon gas flow results in the decrease of elastic modulus that can be attributed to the low elasticity of (111) crystallographic orientation. Figure 7 plots the dependence of voltage versus current obtained by the four-point probe analysis for all samples. In order to investigate the influence of possible (low frequency) charging effects at the electrical contacts and leads, current-voltage (I-V) curves were recorded, scanning the voltage both in increasing and decreasing increments. The results of measurements in the decreasing direction of the voltage are not shown as they matched the results in the increasing voltage direction and only clutter the figure unnecessarily. However, it should be noted that the current was kept low enough in order not to heat up the samples. Figure 8 depicts the variation of titanium nitride thin film resistivity as a function of argon gas flow. The results show that the resistivity of TiN thin films increases with the argon gas flow. XRD results showed that the intensity of the TiN(111) diffraction line also increased with the argon gas flow It has also been reported earlier that the film with a high (111) diffraction peak intensity has a high electrical resistivity [25] . Therefore, it may be deduced that there is a correlation between the intensity of the TiN(111) diffraction line and the resistivity of these TiN thin films, which is in agreement with the results reported in [18, 22] .
Electrical properties
Furthermore, an increase in the intensity of titanium nitride peak may directly be related to the increase in the amount of nitrogen ions bonded to the Ti atoms in the structure of the thin film. In low bonded nitrogen content, the nitrogen atoms bonding with the titanium atoms are not enough, and the remainder amorphous titanium atoms act as donors and can provide free electrons. With these free electrons, the films have a high carrier density with high mobility and low resistivity. However, with the increase of the amount of bonded nitrogen content, there will be sufficient nitrogen atoms to integrate with the titanium atoms that cause only a few free electrons and result in higher resistivity.
Conclusion
Titanium nitride thin films were deposited on Si substrate by DC reactive magnetron sputtering system. The effect of argon flow rate (8 to 20 sccm in steps of 4 sccm) on the structural, morphological, mechanical, and electrical properties was studied using XRD, AFM, nanoindentation test, and four-point probe instrument, respectively. Structural investigation showed TiN with FCC structure for all samples. It was also observed that (111) crystallographic orientation was the preferred orientation for TiN thin film growth with increasing argon gas flow. The surface morphology of the samples depicted a granular structure with small grains, and the grain size and surface roughness were increased with the argon gas flow. The increase of grain size with argon gas flow was due to the energetic ion bombardment and was consistent with previous literatures. The mechanical and electrical studies showed that film surface hardness and resistivity increased with the argon gas flow, while film elastic modulus decreased with increasing argon gas flow. Structural analyses illustrated that these variations were related to the (111) crystallographic orientations and were consistent with previous similar works.
